A two-dimensional, multilevel model for simulating changes in the atmospheric boundary layer across a marginal ice zone is described and applied to off-ice, on-ice, and along-ice edge wind conditions. The model incorporates a second-moment closure for parameterizing the intensification and suppression of turbulent mixing in the boundary layer due to stratification effects. For off-ice winds, as the atmospheric boundary layer passes from cold smooth ice onto warm open water, the onset of intense convection raises the inversion. Over the transition zone of rough rafted ice with open leads, the shear stress on the ice cover increases significantly before dropping down to the downstream values over water. Such nonmonotonic surface stress could be the cause of divergence of sea ice near the ice edge in a marginal ice zone. These results are in agreement with the one-layer model simulations of off-ice winds by Overland et al. (1983). For on-ice wind conditions, as the warm flow in the boundary layer encounters the cold ice conditions, the resulting stable stratification could rapidly suppress the turbulence in the boundary layer, leading to the development of a shallow inversion and an associated jet. When the wind is predominantly along the ice edge, the temperature contrast between the open water and the ice could produce a thermal front at the ice edge in the boundary layer with strong associated turbulence. More observations are needed to verify these model predictions. Nevertheless, these model results suggest that it is important to account for the changes in the characteristics of the atmospheric boundary layer across the marginal ice zone in our attempts to understand the behavior of the ice cover in these regions.
INTRODUCTION
The interactions between the atmosphere, the ocean, and the ice cover are particularly strong in a marginal ice zone (MIZ). It is therefore preferable to study the coupled system as a whole rather than each medium in isolation, in order to further our understanding of this important part of our environment. The complexity of the interactions between the atmosphere and the ocean, especially when mediated by the ice cover, makes such a study rather difficult. One promising approach is through process studies using a numerical model of the coupled system that accounts for the dynamic and thermodynamic interactions between all three media. Unfortunately, it will be a while before reliable coupled models, tested against observations, can be used routinely for this purpose. One of the principal problems is, of course, the dearth of suitable data sets that can be used for a meaningful verification of the capabilities of such models. Despite the increased attention being paid to the Arctic and the Antarctic in recent years, through multinational efforts such as the Marginal Ice Zone experiments (MIZEX), our empirical data base is still rather scanty. Simultaneous observations of the characteristics of all three media, essential to the success of a coupled model, are very few.
Nevertheless, the necessity of studying the coupled system has been increasingly recognized in recent years. Efforts are now underway to develop and test coupled atmosphereice-ocean models for these regions. As part of one such effort, we have developed a coupled ice-ocean model and an atmospheric boundary layer model and are testing both models before coupling them to each other. Two-•Now at Institute for Naval Oceanography, Stennis Space Center, While a slab model can capture the essence of the boundary layer modifications over a MIZ during off-ice conditions, if not the details of its vertical structure, it is not appropriate to the study of more general cases including on-ice wind conditions. This has led to the increased use of a multilevel model over the MIZ [Bennett and Hunkins, 1986; Overland, 1988 It appears therefore that the most important factors in the evolution of the atmospheric boundary layer over a MIZ are the strong variations in the ice surface roughness and the strong disparity in the heat transfers from the ice surface and the ocean to the atmosphere. We therefore concentrate on these features in our multilevel atmospheric boundary layer model and ignore the liquid water vapor thermodynamics for the time being. While the atmosphere is dry and therefore somewhat simplified, the turbulent mixing processes that are essential for accounting for the changes of roughness and heat flux on the structure of the boundary layer are parameterized using second-moment closure. The model is twodimensional and ignores the variations along the ice edge, thus assuming that the scale of variations along the ice edge is larger than that across the ice edge.
The paper is organized as follows. Section 2 deals with a description of the boundary layer model, and Section 3 discusses the relevant numerical details. Section 4 details the results of its application to off-ice, on-ice, and along-ice edge wind conditions. Section 5 contains concluding remarks.
THE NUMERICAL MODEL
The numerical model for the atmospheric boundary layer is similar to the ocean model described by Blumberg and Mellor [1983] and Oey e! al. [1985] . Many of the numerical details of the ocean model are given by Blumberg and Mellor [1987] . The atmospheric model also uses second-moment closure for parameterizing vertical mixing. The governing equations and the method of solution are similar. The model is based on fully nonlinear hydrodynamic equations of motion for conservation of mass, momentum, and enthalpy; it simplified, however, by the use of incompressible, hydrostatic, and Boussinesq approximations. The atmosphere is considered to be dry and the perfect gas relation p = pRT, where p is the pressure, R is the gas constant, p is the density, and T is the temperature, is used to reduce the governing equations for ensemble mean quantities to 
The symbols Ps and P•, denote shear and buoyancy production of turbulence kinetic energy, and e denotes its viscous dissipation; I is the turbulence length scale, a measure of the scale of the energy-containing eddies that contribute to the cascade process. An advantage of this model is a more realistic parameterization of turbulent mixing processes in the boundary layer. A slab model, on the other hand, assumes that the mixing coefficients in the boundary layer are essentially infinite; also, the entrainment rate at the inversion needs to be parameterized from data, thus introducing empiricism into the formulation, although at a strong inversion the model results appear to be rather insensitive to this prescription [Overland et al., 1983] . The assumption of a well-mixed, homogeneous boundary layer, although often invoked in both the oceanic and atmospheric mixed layer models, is an approximation whose degree of validity depends on the flow conditions being simulated. Thus, for example, while it may be adequate for a convective mixing such as that encountered by the boundary layer as it flows off the ice onto warm open water, it is a poor approximation for the opposite situation, where a warm layer flows off the ocean onto cold ice surface and mixing may be inhibited by strong stable stratification. Both situations occur in a MIZ, and the present model is equally applicable to both on-ice and off-ice 
NUMERICAL DETAILS
A primary objective of this study was to be able to compare the performance of this model with that of the highly simplified slab models for the off-ice winds over a MIZ. Therefore the principal model parameters for off-ice simulations were chosen to correspond to those of Overland et al. [1983] , although studies of model sensitivity to some of these parameters were also undertaken. For example, we Similarly, the width of the simulated zone is 160 km. A 2-km-thick atmospheric column is simulated with 24 vertical levels. The computational grid is therefore 80 x 24. Because of the low inversion heights in ice-covered regions (typically a few hundred meters), it should not be necessary to simulate a thicker slice of the atmosphere. The inversion height is around 450 m in the current simulations, and the vertical resolution was arranged to be 20 m in the vicinity of the inversion, decreasing to 300 m near the top (see Table 1 ). The coarsest resolution in the mixed layer itself is 75 m. The resolution near the bottom is much finer to resolve the constant flux region, with the bottommost grid 5 m thick. This facilitates matching the velocity and potential temperature at this grid point to a logarithmic layer because the assumption of the validity of log law for both velocity and temperature profiles is a fairly good approximation at the bottommost grid point. The atmosphere is dry, and the Coriolis parameter corresponds to a latitude of 60øN. The ice and ocean surface temperatures are taken as -11øC and -IøC, and the lapse rate above the inversion is The heat transfer coefficient C• over the ocean is taken as 0.002 irrespective of the flow direction. We assume that there is no heat flow from the ocean to the atmosphere through the ice cover. This implies that over the interior smooth ice, where no leads are assumed to exist, no heat flux from the ocean to the atmosphere is possible. On the other hand, leads are assumed to exist over 30% of the ice cover in the rough and transition zones, allowing the ocean to transfer heat to the atmosphere. However, when the ABL is warmer than the ice surface, we assume that the ABL transfers heat to the ice, while the ice surface temperature remains at -11øC. It is this heat flux that is responsible for quenching the turbulence in the ABL when it flows onto the cold ice surface, resulting in the formation of low-level inversions. If there were no such heat flux from the ABL to the ice, turbulence in the ABL would not be not quenched; instead it would adjust to the mechanical mixing produced by the roughness of the ice surface. The roughness scales for velocity and temperature required by the model are prescribed so as to yield the above mentioned drag and heat transfer coefficients, and therefore they are not necessarily equal to each other. The velocity and potential temperature profiles are matched to the classical, logarithmic laws of the wall relations for both velocity and temperature at the bottommost grid point. The flow is from right to left; inflow conditions, such as the velocity and temperature distributions, are prescribed and held fixed. The air column up to the level of inversion is assumed to be initially at the same temperature as the underlying surface. Initially, the inversion height is assumed to be 450 m.
Except for the case of along-ice edge winds, the model was spun up for a day with homogeneous terrain corresponding to the inflow terrain. The ABL achieved equilibrium rapidly within a few tens of kilometers from the inflow boundary, and steady state was attained during this period. Conditions obtained near the outflow boundary from this spin-up were then prescribed as upstream boundary condi- Figure 19 ).
MODEL RESULTS
The model simulations described here follow closely the simulations of Overland et al. [1983] . In particular, the different cases considered correspond to their different cases. For example, case I refers to the situation where smooth ice adjoins open water, whereas case 3 refers to the MIZ situation when smooth interior ice gives way to open water through a transitional and a rough ice zone.
Three series of simulations were made corresponding to off-ice, on-ice and nearly along-ice edge wind conditions. The inversion conditions aloft were chosen to be the same in all three series, and the inversion strengths were also chosen to be roughly similar and representative of the MIZ. In all these simulations, boundary values are prescribed at the inflow boundaries, while at the outflow boundaries, upwind advection is prescribed, so that temperature is advected out from the interior. At the top of the atmosphere, geostrophic velocity and potential temperature are prescribed and held fixed; zero gradient conditions are imposed on turbulence velocity and length scales. Figures 8a, 8b, and 8c compare the ABL temperature, cross-ice edge velocity, and ABL thickness obtained from the present simulations with those of Overland et al. [1983] for all three off-ice cases. These are the dependent variables in a slab model. In the current model, since a mixed layer is by no means perfectly mixed even under strongly unstable conditions, especially with respect to momentum, the mixed layer height was defined as the height at which the nearly uniform temperature at the bottom of the inversion increases by 0.1øC. The mixed layer temperature and velocity were taken as those corresponding to the nearly uniform conditions at the top of the mixed layer.
It is evident from Figure 8 Figure 8c , the ABL velocity over the MIZ drops initially but begins to increase well before the ice edge is reached. Figure 9 shows the cross-ice edge kinematic shear stress as a function of distance from the ice edge for all three cases. It is clear that for the case 3 simulation, the shear stress increases sharply to well above the downstream values over water before decreasing to downstream values (there is a small overshoot because of the sharp change in properties at the ice edge, due to a somewhat inadequate horizontal mixing coefficient). This peak in the surface stress could provide the necessary atmospheric mechanism for ice rafting and ice edge divergence in a MIZ, suggested originally by Overland et al. Figure 10 displays the ABL height and the increase in the ABL temperature across the MIZ for four different simulations corresponding to the case 3 simulation described previously. Curve 1 denotes the simulation with the approaching ABL temperature of -11øC and an inversion strength of 7øC. Curves 2 and 3 denote simulations in which the inversion strength is 2øC and 12øC, respectively, but the ABL temperature is kept at -11øC, while curve 4 corresponds to a simulation in which the ABL temperature is lowered to -21øC, keeping the inversion strength at 7øC. These experiments demonstrate that as long as the inversion strength is large enough not to be eroded completely by convective heating, the change in the mixed layer height across the MIZ is relatively insensitive to the strength of the inversion. The rate of increase of ABL temperature is also relatively insensitive to inversion strength. However, the mixed layer heats up more rapidly when the ice-water temperature contrast is increased as is shown by curve 4.
On-Ice Wind Conditions
The second series of simulations involves on-ice wind conditions. We present only two cases, the first one with flow from open water onto rough ice conditions. In this case, the ABL feels a step change in the temperature and roughness of the underlying surface. In the second simulation, boundary, so that the conditions aloft are roughly similar to those in the previous series. Figure 11 shows the potential temperature and TKE distributions corresponding to case 2 of on-ice flow conditions, i.e., flow from open water onto rough ice. As the warm air column encounters the cold ice surface it begins to transfer its heat to the underlying surface, resulting in strong stable stratification that suppresses turbulence in the ABL. Turbulence collapses over most of the ABL and is instead confined to the immediate vicinity of the ground. It is shear-generated and has to work against gravitational forces, a situation somewhat analogous to the transition from daytime heating to nocturnal conditions in the ABL at lower latitudes. A shallow inversion (a few tens of meters) develops close to the ice surface as can be seen from both temperature and TKE distributions (Figure 11 Figure 15 shows the cross-ice edge kinematic shear stress as a function of the distance from the ice edge for both cases. The simulation for case 3 once again shows a peak in shear stress due to increased surface roughness, which assists in compacting the ice in the MIZ during on-ice winds but is otherwise of little significance. The ABL adjusts rapidly to the conditions of the underlying surface because of the rapidity with which its turbulence is quenched, since the eddy turnover time scales are only of the order of a few minutes.
The above simulations indicate the dramatic changes possible in the ABL structure when strong heat exchange occurs between the ABL and the ice during on-ice wind conditions. If, however, the heat exchange is not strong, the resulting modifications to ABL structure can be expected to be correspondingly smaller.
On-ice wind conditions over a MIZ are thus clearly substantially different from off-ice conditions and are therefore best simulated by a multilevel model. When the winds blow essentially along the edge of either a compacted or uncompacted ice pack, at sufficient distance downstream one can expect the air column to be in essential equilibrium with the characteristics of the underlying surface. Thus, for example, the ABL temperature tends to be close to the temperature of the underlying surface, and the turbulence field corresponds to its roughness and is essen- water, even though above this level, the flow is in concert with the geostrophic winds, i.e., toward the ice (Figure 19 ). This causes the lower-level cold air masses to override warm ones, resulting in intense turbulence. Above this level, however, the abrupt rise in inversion height produces another region of overturning and intense turbulence. Thus in both cases of essentially along-ice edge flows, the ice edge is associated with a strong thermal front and intense turbulence activity.
CONCLUDING REMARKS
As the results in the previous section show, the ABL can undergo substantial changes over a MIZ, and the particulars of these changes depend crucially on the flow direction. One of the reviewers pointed out that there exists one set of observations that suggests that under on-ice and along-ice edge wind conditions, the ABL over a MIZ is primarily mechanically mixed and no low-level inversions develop. This implies that the heat flux from the warm ABL to the cold ice is negligibly small. In the model simulations also, the turbulence in the ABL is mechanically generated, and if this heat flux were put to zero, the model would also indicate a lack of low-level inversions for on-ice winds. However, it is not clear whether these observations are typical of MIZs or not. This issue clearly needs further study. While a satellite picture of off-ice winds over a MIZ illustrates one of the more dramatic atmospheric phenomena captured by remote sensing, other flow directions might be equally significant in terms of their effects on the ABL. It is also clear that because the changes in the ABL across a MIZ could be strong, it is advisable to account for these effects in understanding and modeling the ocean and the ice cover in these regions. In this paper we have prescribed the condi- 
